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PREFACE
Purpose and Scope

This technical report provides basic information on laser injuries. The treatment and
management procedures described herein are for use by USAF medical personnel. For
additional information on lasers and peacetime medical laser procedures, the reader should
consult AFOSH Standard 161-10, recent messages from HQ USAF/SGP, a joint USN/USAF
laser training videotape ("Lasers in Military Operations," Part I), and the handbook
("Operational Hazards of Military Lasers: A Guide for Medical Personnel"), which contains a
slide briefing ("Lasers and Aircrews: A Flying Safety Kit for Flight Surgeons”). Both the
videotape and handbook are available from HQ AAVS, Norton AFB CA 92409.

Availability of Report

This technical report was prepared by the Ophthalmology (NGO) and Vulnerability
Assessment (RZV) Branches of the USAF School of Aerospace Medicine (USAFSAM), Brooks
AFB TX 78235-5301. It reflects the current thought of this organization and conforms to USAF
policy. Additional copies may be ordered from the National Technical Information Service,
5285 Port Royal Road, Springfield VA 22161-2103. MAJCOMs are authorized to reproduce
this technical report for wider distribution within their command. Questions and comments
may be directed to the USAFSAM/NGO (AUTOVON 240-3258) or USAFSAM/RZV
(AUTOVON 240-3622), Brooks AFB TX 78235-5301.
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MEDICAL MANAGEMENT OF COMBAT LASER EYE INJURIES

INTRODUCTION

A laser (light amplification by stimulated emission of radiation) is a device that emits an
intense narrow beam of light at discrete wavelengths which range from the near-ultraviolet
(invisible to the eye) through the color spectrum (visible) and into the far-infrared spectrum
(also invisible). The rapid growth of laser science and engineering has resulted in the
increased use of lasers by the military. Currently, laser range-finders and target designators
are used in military operations by ground personnel, tanks, aircrait, ships, and anti-aircraft
batteries. They are also used to simulate "live fire" in force exercises, where accidental injury
to the eye may occur. It is likely that in future engagements lasers will be used directly against
our forces, and their effects on the health and mission performance of our aircrews will be of
particular concern. Laser energy outputs are sufficient to produce significant eye injury even
at distances of a kilometer or more. Currently, aircrews protected by windscreens and
canopies are at risk from near-infrared and visible lasers, while other personnel, such as air
base ground defense forces, are additionally at risk from ultraviolet and far-infrared lasers.
The injury effects of laser exposure, as well as the diagnosis, treatment, return to duty, and
evacuation of injured personnel, will be addressed in this report. In addition, the issue of eye
protection will be considered.
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Figure 1. The radiant energy (electromagnetic) spectrum. (Adapted from McKinley, 1947).




PRINCIPLES OF LASER ENERGY

A laser produces a narrow, highly collimated beam of coherent (in phase) light which
travels at 300,000 km per second, the speed of light. As distance from the laser source
increases, the narrow beam will gradually diverge to a larger diameter. This beam can vary in
wavelength throughout the electromagnetic spectrum (Fig. 1) and can be visible or invisible.
Typically, laser wavelengths (often measured in nanometers - nm) are grouped into four major
categories: ultraviolet (UV), 200-400 nm; visible, 400-760 nm; near-infrared (near-IR), 760-1400
nm; far-infrared (far-IR), 1400-106 nm. The characteristics of typical commercial lasers are
delineated in Table 1.

TABLE 1. PRINCIPAL CHARACTERISTICS OF COMMON LASERS

Waveband Wavelength Lasing Perceived Typical
(Nanometers) Medium Hue Operation
uv 325 Helium-Cadmium N/A cw
uv 337 Nitrogen N/A Pulsed
Uv 351 Argon N/A Ccw
Visible 441.6 Helium-Cadmium Reddish-Blue cw
Visible 458 Argon Blue Cw
Visible 468 Krypton Blue Cw
Visible 488 Argon Blue-Green cw
Visible 511 Coyper Vapor Green Pulsed
Visible 514.5 Argon Green Cw
Visible 530 Doubled Nd:Glass Yellowish-Green Pulsed
Visible 532 Doubled Nd:YAG Yellowish-Green Pulsed
Visible 568 Krypton Yellow cw
Visible 632.8 Helium-Neon Red cw
Visible €47 Krypton Red cw
Visible 694.3 Ruby Red Pulsed
Visibie 755 Alexandrite Red Pulsed
Near-IR 905 Gallium-Arsenide N/A Pulsed
Near-IR 1060 Nd:Glass N/A Pulsed
Near-IR 1064 Nd:YAG N/A Pulsed
Far-IR 10,600 Carbon Dioxide N/A CW, Pulsed

Note: In some cases, the

ved hues are also characterized by their secondary hue; for example, helium-

cadmium is mostly blue with a reddish tinge. The alexandrite laser is tunable across some of the visible and near-IR
wavelengths. Argon and krypton lasers can emit multiple, discrete wavelengths simultaneously. If the
fundamental frequencies of Neodymium:Glass (Nd:Glass) and Necdymium:Yttrium-Aluminum-Gamet (Nd:YAG)
wavelengths are doubled, their wavelengths become visible.




Lasers emit energy continuously (continuous wave - CW) or in short bursts (pulsed).
The number of pulses that a laser emits within a given duration is the pulse repetition
frequency (PRF). Confusion can result because CW lasers can appear to be pulsed, if their
beam is "chopped,” and pulsed lasers can appear to be CW lasers, if their PRF is too high for
the eye to perceive the separate pulses (greater than 60 to 90 Hz). In additicn, certain pulsed
lasers can emit all of their energy compressed into time periods as brief as billionths of a
second (nanoseconds - ns) or less. Some lasers, such as argon or kryptoxn, can emit several
discrete wavelengths simultaneously, although frequently the laser is adjusted to emit one
wavelength at a time.

The radiant power output of a laser at a given instant can be stated in watts, as with any
light source. However, while the radiant output of CW lasers is usuallv given in watts, that of
pulsed lasers is usually given in joules per pulse. A watt unit (W) is equal to an energy of one
joule (J) per second, where a joule is defired as the energy required to raise the temperature of
1 cc of water by 0.239° C. A laser, unlike an ordinary incandescent light source, has a very
small beam divergence and, thus, can direct most of its radiant power, over very small areas
even at great distances. A measure of this radiant power, at a })osition in space, is called
irradiance and has the units of watts per unit area (e.g. W/cm¢), while a measure of radiant
energy, at a position in space, is called the radiant exposure and has the units of joules per unit
area (e.g. J/cm?). The radiant exposure of a laser is equal to its irradiance multiplied by the
duration cf time (in seconds) that irradiance is present at the position in question.

Laser light is gathered and focused by the eye across a 2-7 mm pupil to a retinal image
about 5-30 ym in diameter. This focusing can increase the retinal irradiance by a factor of
100,000 over that which is incident at the commea. Thus, a relatively iow-output laser can
produce serious eye injury simply because the eye focuses the beam and, thus, increases the
retinal irradiance. The use of light-gathering and magnifying optical instruments, such as
binoculars, and other optical sighting devices increases the danger from exposures because
they collect more of the laser light and further increase the ocular irradiance.

ANATOMY AND FUNCTION OF THE EYE (Fig. 2)

The wall of the eye is a sphere composed of three layers: a tough outer connective tissue
shell (comea—sclera); a fragile inner neurosensory layer (retina), and an intermediate vascular-
connective tissue layer (iris, ciliary body, and choroid). The anterior cavity of the eye is filled
by the aqueous humor, a watery fluid, and the posterior cavity by the vitreous humor, a
gelatinous fluid. The crystalline lens with its suspensory ligaments is situated between the
aqueous and the vitreous humors.

The cornea and lens are the focusing elements of the eye, while the retina is the imaging
element. In particular, the posterior pole which includes the fovea and foveola is the most
important retinal structure and provides for 20/20 vision. This area of the retina is depicted in
Figure 3. The photoreceptor cells, which are buried deep in the retina, absorb light, convert it
to electrical signals, and transmit the visual message to the brain via axons which leave the eye
as the optic nerve.
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Figure 3. Anatomy of the posterior pole. (Adapted from Orth et al., 1977).




BIOLOGICAL EFFECTS

Absorption of Light

The microscopic anatomy and the presence of pigments or chromophores in ocular
tissues determine whether the tissue in question will absorb or transmit light. The cornea and
lens will absorb most of the light in the ultraviolet region (wavelengths shorter than 400 nm)
because of the presence of certain proteins and nucleic acids. The cornea and lens are
transparent to light in the visible (400-760 nm) and near-infrared (760-1400 nm) portions of the
spectrum. Melanin, the major ocular pigment, is black and absorbs all wavelengths of light in
the visible and near-infrared spectra. It occurs throughout the iris, ciliary body, and choroid,
as well as in the retinal pigment epithelium, a layer of neuroepithelium between the sensory
retina and choroid. Xanthophyll, yellow in color, absorbs preferentially in the blue portion of
the visible spectrum (<500 nm). This pigment lies chiefly in the cells of the retina in the central
(20/20) r-gion of the posterior pole. Lipofucsin, an orange pigment, absorbs maximally in the
blue-gree~ portion (520 nm). Lipofucsin pigment is found in the retinal pigment epithelium.
Blood absorbs preferentially in the green portion of the visible spectrum (530 nm). The
absorption of light in the far-infrared portion of the spectrum, beyond 1400 nm, is related to
the absorption characteristics of water which is considered a chromophore for infrared
radiation.

The absorption of light by the eye and skin can also be described in terms of laser
wavelength categories:

1. Ultraviolet. Laser radiation in this spectrum (below 400 nm) is primarily
absorbed in the anterior segment of the eye by the cornea and lens, as well as by the skin.
Some near ultraviolet light (315-340 nm) will, however, reach the retina.

2. Visible. Laser radiation in this spectrum (400-760 nm) is absorbed primarily
within the retina by the photoreceptors, pigment epithelium, and choroid, as well as by the
skin. The longer wavelengths (red) are absorbed more deeply in the retinal/choroidal tissue
than the shorter wavelengths (blue).

3. Infrared. Absorption of laser energy in this spectrum (above 760 nm) occurs in
two areas of the eye, as well as the skin. Laser energy in the near-infrared spectrum (<1400
nm) is absorbed by the retina and choroid, whereas laser energy closer to the far end of the
infrared spectrum (1 400-105 nm) is absorbed by the cornea. A transition zone exists, from 1200
to 1400 nm, where retina, cornea, and lens are all at risk.

Damage Mechanisms

The amount of damage is, in general, proportional to the amount of laser energy the
tissue absorbs and will be dependent upon the wavelength of the laser light, exposure
duration, pulse width, repetition rate, and irradiance. There are three primary mechanisms of
laser damage: actinic; thermal; and mechanical. Actinic insults generate photochemical
processes and are more prevalent with UV and shorter visible wavelengths. Examples include
UV comeal burns and sunburns of the skin. The injury mechanism of most low-power visible
and IR continuous wave lasers is one of thermal photocoagulation, i.e., superficial and deep
comeal burns and retinal burns. High-power CW and pulsed lasers produce both thermal




burns and mechanical tissue disruption. Figure 4 delineates the energy wavelengths and the
adverse effects of each, along with the depth of skin penetration.
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Figure 4. Adverse effects of lasers. (Adapted from Sliney and V/olbarsht, 1980).

Description of Potential Damage

Cornea

The effect of ultraviolet radiation on the cornea is to produce epithelial injury, a
condition that can be painful and visually handicapping. Atlower powers, this injury is
primarily due to a photochemical reaction. A latency period of hours may exist between the
time of exposure and the development of the corneal pathology. Minimal corneal lesions
should heal within a few days, but meanwhile they could produce a decrement in visual
performance.

Far-infrared radiation is also mainly absorbed by the cornea, producing immediate
burns at all corneal layers. An infrared laser can produce a lesion which results in permanent
scarring cf the cornea. If the energy is sufficiently high, the cornea can be perforated; this
perforation may lead to loss of the eye.

Retina and Choroid

The neurosensory retina is transparent to most wavelengths of visible light. However,
laser energy in the visible range can produce inner retinal damage, although this is mainly




secondary to the much greater absorption and destruction that takes place in the deeper and
more pigmented tissue, the retinal pigment epithelium.

When the retinal pigment epithelium absorbs sufficient laser light energy, local thermal
coagulation of adjacent photoreceptors and other structures of the retina also occurs. The
surrounding retina will also be affected by edema. These processes result in a scotoma (blind
spot) which varies in size depending upon the extent of the retinal damage. Acute (<24 hours
old) argon laser burns of the human retina outside the posterior pole are shown in Figure 5.
Note the dense white coagulated centers with the surrounding less dense edematous areas.
Older argon laser burns of the retina usually have characteristic pigmentary changes and no
longer appear completely white. Such lesions are shown in Figure 6. Figure 7 illustrates an
acute retinal burn and two retinal /choroidal hemorrhages, one contained and one not
contained by the inner limiting membrane of the retina, which were produced by a Nd:YAG
laser. Vision may not be disturbed significantly by small retinal burns away from the fovea.

Visible and near-infrared lasers of sufficient power can produce hemorrhage in the
choroid, a very vascular tissue, and disruption of the overlying retina. The visual loss from
this hemorrhage may be quite severe. The blood can collect beneath the photoreceptor layer of
the retina, disturbing its contact with the retinal pigment epithelium (detachment). This
subretinal hemorrhage can result in the death of the photoreceptor cells and a scotoma that is
much larger than the thermal burn or mechanical disruption. The blood may also move into
the vitreous of the eye through the disrupted retina, where it may obstruct the passage of light
through the ocular media. If extensive or centrally located, such hemorrhages can produce a
significant loss of vision. Blood in the vitreous is absorbed very slowly, but it is cleared
eventually in most cases. The visual impairment remains as long as the biood persists. Vision
may improve to normal with resorption of the blood. Blood that has persisted for several
months may be removed by a complicated surgical technique called vitrectomy. This
procedure may also return vision to a "near normal" level, if the underlying retinal/choroidal
damage does not involve the fovea.

The mechanical shock effect of laser pulses can also "wrinkle" the retina, resulting in
malfunctioning of the photoreceptors and distortion of the perceived visual field
corresponding to that area of the retina.

Laser injury to the retina may also damage the conducting fibers (axons) of the retina,

producing a visual tield defect peripheral to the site of injury. Laser damage to the
retinal /choroidal areas can produce brief, albeit significant, pain.

Skin Damage

The threshold for skin burns is similar to that of the cornea for ultraviolet and far-
infrared wavelengths. For visible and near-infrared wavelengths, the skin’s threshold is much
higher than that for the retina, since the concentrating power of the eye is not a factor.




Figure 5. Acute argon laser burns of the human retina.

Figure 6. Older argon laser burns of the human retina.




Figure 7. Acute Nd:YAG laser injuries to the monkey retina.

LASER EFFECTS ON VISION
Glare

Visible laser light can interfere with vision even at low energies which do not produce
eye damage. Exposure to CW or rapidly pulsed, visible laser light can produce a glare, such as
that produced by the sun, searchlights, or headlights. Glare can cause a reduction or total loss
of target visibility, but these visual effects last only as long as the light is actually present in the
individual’s field of view. This will be most pronounced for objects nearest the glare source
and results from light scatter caused by the atmosphere, other intervening transparencies, such
as windscreens and visors, and the ocular media of the eye itself. Less laser light is required to
totally obscure small, dim, or low-contrast targets. Because daytime scenes contain brighter
objects than nighttime scenes, the same glare source will obscure mote of the visual field at
night.

Flashblindness and Afterimage

Visible laser light can also produce a lingering, yet temporary, visual loss associated
with spatially localized aftereffects, similar to that produced by flashbulbs. Like glare, these
aftereffects can occur at exposure levels which do not cause eye damage. One aftereffect,
known as "flashblindness," is the inability to detect or resolve a visual target following
exposure to a bright light. Flashblindness is due to the temporary depletion of visual
pigments. Visual impairment from flashblindness may be operationally significant, especially
if the visual field affected is large. However, this impairment is transitory, lasting seconds to
minutes depending upon the laser’s parameters, the visual task, the ambient lighting, and the




brightness of the visual target. During flashblindness recovery, large bright targets will
become visible before small dim targets. The diminished perception of cockpit displays
caused by flashblindness may be overcome, to some extent, by tuming the cockpit instrument
lights to full intensity. While there is no permanent visual loss, a decrement in military
performance during a critical, albeit short, time-frame may render the aircrew unable to
accomplish the mission.

The other aftereffect, often confused with flashblindness, is "afterimage.” Afterimages
are the perception of light, dark, or colored spots after exposure to a bright light. Small
afterimages, through which one can see, may persist for minutes, hours, or days. Afterimages
are very dynamic and can change in color ("flight of color"), size, and intensity depending
upon the background being viewed. 1t is difficult to correlate the colors of afterimages with
specific laser wavelengths. Afterimages are often annoying and distracting but are unlikely to
cause a visual decrement.

Visual Loss from Damage

The permanent damage caused by UV, visible, and IR lasers can cause variable
degradations in vision, proportionate to the degree of damage. Corneal damage may
significantly degrade vision due to increased light scatter from opacities or due to gross
rupture. In addition, iritis (intraocular inflammation), seen in association with corneal injuries,
may cause photophobia, pain, and miosis (small pupil). One muct be cautious in ascribing a
small pupil to a laser exposure, as asymmetric pupil diameters occur in approximately 25% of
the population. Miosis can reduce night vision.

In the case of retinal damage, the severity of visual loss will depend upon the proximity
and extent of the damage to the fovea. A graphic illustration of the potential Snellen visual
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Figure 8. Acuity as a function of distance from the foveola. Acuity is greatest at the foveola and
falls off sharply in the peripheral retina. The fall-off is relative to the maximal foveal
acuity but has considerable individual variability. For illustrative purpcses, this
figure assumes that maximum visual acuity is 20/20 and relates the expected fall-off
in vision to that maximum. (Adapted from Chapinis, 1949; data from Wertheim,
1894).




acuities of the human retina, for high-contrast targets, is presented in Figure 8. It shows that
the best visual acuity occurs in the foveola/fovea, and that the acuity falls off sharply when
moving toward the peripheral retina. Figure 9 depicts anatomically the posterior pole and the
very small area (foveola) that subserves 20/20 vision. It illustrates the approximate visual
capabilities of areas of the posterior pole. Obtaining those visual acuities requires placing the
image of the object of regard on the undamaged retina. This process will likely require
eccentric fixation and great concentration by the individual.

Figure 9. Map of acuity in the posterior pole. This map of the posterior pole shows the
approximate relationship of visual acuity to the different retinal zones: 0.6-degree
radius is the foveola; 2.5-degree radius is the fovea. Beyond a 10-degree diameter,
visual acuity is worse than 20/100. (Adapted from Duane, 1987).

Functionally significant loss of vision usually occurs only if the burn directly affects the
fovea. The expected minimum burn size (30-100 gm) for a low-power exposure to the fovea
will have variable effects on visual acuity depending on location, with either no effect or a
reduction in vision to approximately 20/40 for high-contrast targets. Figure 10 is an example
of a minimal burn to the superotemporal fovea that did not reduce visual acuity. On the other
hand, a direct laser burn to the foveola would definitely alter vision. An acute 200-ym argon
laser burn directly in the human foveola can be seen in Figure 11. This photograph was taken
within minutes after exposure. The vision was permanently reduced from 20/40 to 20/200. 1f




the retinal damage includes hemorrhages, the visual loss may be more profound, as the blood
may block the passage of light to uninjured portions of the retina.

Figure 10. Laser burn to the human fovea but peripheral to the foveola.

Figure 11. Acute argon laser burn to the human foveola.




In addition to visual acuity changes, damaged areas of the retina cause loss of visual
perception in those areas of the visual field corresponding to the damaged portions of the
retina. Large areas of peripheral visual field loss, while noticeable, may not be seriously
handicapping, as central vision will not be affected. Such peripheral defects, if large, may be
detected by confrontation tests.

On the other hand, central visual field defects caused by damage to the posterior pole
will be noticeable and may be distracting or disabling, depending upon whether the foveola
and thus visual acuity are affected. These central defects can be detected and characterized
quite accurately with a simple test—the Amsler Grid. While annoying, small bilateral central
visual field defects may not be seriously handicapping, if central visual acuity is unaffected.
However, as shown in Figure 11, even a small (200 ym) laser bumn directly to the foveola will
cause a dense central scotoma (blind spot) and a severe decrement in visual acuity and
performance.

A laser’s light energy is likely to affect both eyes, unless one is occluded or otherwise
protected, because the laser beam’s diameter, at operationally significant distances, will be
wider than the head.

SYMPTOMS

Symptoms will vary depending upon the location and severity of injury. Patients may
give a history of experiencing glare, flashblindness, decreased vision, pain, or any
combination. When seen by medical personnel, they may continue to complain of afterimages,
blurred vision, photophobia, pain, or profound loss of vision. Reports by aircrew members of
seeing bright flashes of light or of experiencing sudden or unexplained eye discomfort or poor
vision should alert medical personnel to the possibility that they may be dealing with
individuals injured by lasers. Obvious lesions, such as skin and corneal burns, and /or retinal
burns and retinal hemorrhages make the diagnosis more certain, especially when accompanied
by a history of seeing bright, colored lights. One must be careful with that history, however,
because, at very high energy levels, colored visible light overwhelms the retinal
photoreceptors and may be perceived as white. One may also be confused by injuries which
are only irritations of the eyes and/or skin. In such cases, one needs to consider chemical
injury. Spontaneous fires and unexplained damage to electro-optical instruments, such as
night vision goggles (NVGs), are additional evidence that laser weapons may have been
employed.

EXAMINATION

History

The information provided in previous sections, along with appropriate questions from
"Medical Debriefing for Suspected Laser Incidents" (Appendix A), should all be used when
questioning aircrews.




Routine Procedures

External Examination

The periocular tissue (lids and conjunctiva) and anterior segment (cornea, anterior
chamber, and iris) of the eyes are evaluated on external examination. Laser injuries to the
cornea will usually be limited to the area of the cornea within the palpebral fissure. Redness of
the conjunctiva suggests ocular inflammation, possibly secondary to injury, that may be
external or internal. A small pupil in the inflamed eye suggests, but does not confirm, the
diagnosis of intraocular inflammation (iritis). The anterior chamber should be examined for
blood.

Snellen Acui

A "standard"” eye chart (for distance or near) is used to measure visual resolution in each
eye. The 20/20 characters on the chart have a letter height which projects an angle of 5
minutes of arc on the retina with 1 minute of arc features which, it is assumed, must be seen to
correctly read the letters. This procedure tests foveal vision.

Confrontation Visual Fields

Finger-counting confrontation visual fields can be accomplished by the examiner facing
the patient (at 1 m) and each closing the opposing eye. The examiner then extends his hands
to the sides where he can see them with his open eye. He then flashes different numbers of
fingers in each quadrant and elicits the patient’s response. The same procedure is
accomplished on the opposite eye. This procedure may help to identify gross peripheral
visual field defects such as might be caused by a large hemorrhage, if the patient is unable to
see the fingers of the examiner.

Amsler Grid

The Amsler Grid is a graph paper which, when held 30 cm (12 in) from the eye and
viewed monocularly by the patient, can be used to plot areas of retinal injury or vitreous
hemorrhage in the posterior pole (central 20 degrees). The Amsler Grid is sufficiently sensitive
that it can detect lesions as small as 50 yum. Each eye should be tested separately. Figure 12is
a superimposition of an Amsler Grid on a drawing of the posterior pole to delineate the
approximate area of the posterior pole tested by the Amsler Grid. The patient will report
seeing visual distortion of the lines or a scotoma corresponding to the area of the posterior
pole injured. The perceived visual field is upside-down and backwards to the corresponding
retina, i.e., superotemporal retinal defects will be "seen” by the patient in his inferonasal field.
The foveola corresponds to the central point of the visual field. Abnormalities in testing may
indicate old stable conditions or new retinal/ vitreal pathology. Bilateral abnormalities in the
same areas of the visual field support the diagnosis of a laser eye injury. Figure 13
demonstrates laser scotomnas due to bilateral, but unequal, foveal damage from a ruby
rangefinder. See Appendix B for information on ordering Amsler Grids.

Stereopsis
An evaluation of stereopsis can be conducted by using the VTA-DP test or the AO
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vectograph (distance measurements), or the Verhoeff apparatus or Randot Titmus (near
measurements). The results are a good estimate of binocular visual function, as well as a test
of foveal vision, as each eye must usually be at least 20/25 for an individual to pass. Aviators
should be tested with the VTA-DP (preferred test) or the Verhoeff apparatus.

Figure 12. Area of the posterior pole tested by the Amsler Grid. (Adapted from Keeler
(Hamblin) Ldt., Amsler Charts Report).
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Figure 13. Amsler Grid abnormaiities corresponding to foveal damage in both eyes. (Adapted
from Lang et al., 1985).




